Summary. When mouse spermatozoa were briefly exposed in culture to radioactively labelled DNA (pSV2CAT plasmid), radioactivity could be detected by high-resolution autoradiography on the surface and within the nucleus of the spermatozoa. Spermatozoa from other mammalian species (boar, bull, man) could also bind foreign DNA. With the exclusion of human spermatozoa, which in most experiments showed very low labelling values, labelling percentages (evaluated by light microscope autoradiography) ranged between 39 and 78%. In all four species the DNA-binding ability was mainly confined to a specific region of the sperm head (equatorial segment and postacrosomal region), and the sperm\p=n-\DNA association kinetics were rapid (maximum values were reached within 20\p=n-\40 min). The data also indicate that factor(s) in seminal plasma might protect spermatozoa from accidental transfection by foreign DNA that may be present in the genital tracts from bacterial or viral sources.
Introduction
The genotype of mammalian and other eukaryotic cells can be experimentally altered in vitro by a simple procedure similar to that used by Avery et al (1944) in their classic bacterial transformation experiments: when purified DNA is added to a culture of eukaryotic cells, such cells occasionally take up the DNA, integrate it into their genome, express it and transmit it to their progeny, thus creating new stable lines (Pellicer et al, 1980) . Unless particular experimental devices (such as electroporation and coprecipitation of DNA with calcium phosphate) are used, the transfecting efficiency of the system is quite low (of the order of 1:106 exposed cells). Rabbit and mouse sperma¬ tozoa, in contrast, appear to have a spontaneous tendency to take up exogenous DNA molecules present in the culture medium. Cultured rabbit spermatozoa incorporated SV40 DNA, which was transferred to eggs at fertilization, as shown by recovery of viral activity from resulting early embryos (Brackett et al, 1971) . When mouse spermatozoa are briefly cultured in the presence of recombinant radioactive pSV2CAT plasmid, they rapidly take up radioactivity from the culture medium; after in vitro fertilization, such spermatozoa can generate transgenic mice which stably integrate the foreign DNA sequences in their genomes and may express the chloramphenicol acetyl transferase (CAT) gene . Although various workers have failed to replicate these experiments (Brinster et al, 1989) , exogenous DNA has been detected in mouse and cattle blastocysts (Hochi et al, 1990; Perez etal, 1991) , sea urchin blastulae (Arezzo, 1989) and adult pigs (Gandolfi et al, 1989) , all originating from spermatozoa that had been exposed to foreign DNA. In the present study, we characterized by autoradiographic analysis the unusual DNA-binding ability shown by mouse spermatozoa by answering the following questions. Is there a specialized DNA-binding region on the spermatozoa? Is bound DNA transferred from the sperm surface to the sperm nucleus? Is the ability to bind DNA shown by rabbit and mouse spermatozoa also present in spermatozoa from other mammalian species (boar, bull, man) 
Spermatozoa
Epididymal spermatozoa were obtained from the cauda epididymidis of CD1 mice (purchased from Charles River, Como, Italy), as described by Lavitrano et ai (1989) . Ejaculated mouse semen was recovered from the uterus of superovulated female mice within 15 min of mating, as described by Whittingham (1968) .
Ejaculated human spermatozoa were obtained from healthy young donors. Highly motile spermatozoa were col¬ lected by the swim-up procedure (Braude, 1987) . In experiments in which spermatozoa were to be extensively washed, this was done by suspending 1 ml of semen in 50 ml of medium and centrifuging for 10 min at 200g. The pellet was resuspended in 50 ml of medium and centrifuged twice more.
Cryopreserved samples of bovine spermatozoa were obtained from Associazione Romana Allevatori (Rome, Italy), packaged in 0-2 ml French straws. The straws were thawed by immersion in a 37°C water bath for 1 min, the semen sample was suspended in 10 ml of culture medium and washed twice by centrifugation (275 g, 10 min) and pellet resuspension in 10 ml of fresh medium.
Aliquots of ejaculated boar spermatozoa (sperm-rich fraction) were immediately diluted 1:2 with culture medium and washed three times by centrifugation (350 g, 10 min) and resuspension of the sperm pellet in 10 ml of fresh medium.
For all species, after the final centrifugation, the cells were resuspended in a small volume of culture medium and their concentration was evaluated by haemocytometer counting. Sperm motility was usually >65%. The spermato¬ zoa were finally diluted to a concentration of 107 ml ' and, after addition of labelled DNA, were cultured at 37°C in 5% C02.
In some experiments, the effect of incomplete removal of seminal plasma on labelled DNA binding by mouse ejaculated spermatozoa was tested. Ejaculates from two different mice were pooled, diluted 1:20 with culture medium and split into two parts. One part was centrifuged (500g, 10 min) and all but about 0-5 ml of the supernatant was removed. The pellet was resuspended and sperm concentration was evaluated and adjusted to 10'mL1 by addition of the supernatant medium. The other part was washed three times by centrifugation and resuspension of the pellet in 10 ml of fresh medium. (Rogers, 1973) . At least 500 spermatozoa were microscopically analysed for evaluation of labelling percentage in each of two experiments.
High-resolution autoradiography was performed essentially as described by Caro et ai (1962) . Labelled sperm suspensions were washed as above, pelletted, fixed by glutaraldehyde and osmium tetroxide and embedded in epoxy resin (EPON 812 (Fig. la) . Nearly identical labelling patterns were observed in bovine spermatozoa, from a few autoradiographic grains on the equatorial segment to a fully labelled postacrosomal region, with occasional apical labelling (Fig. lb) . The postacrosomal region was also clearly labelled in porcine (Fig. lc) (Fig. 2a) . In most cases, the grains were lying at the periphery of the cell (Fig. 2b) and it could not be established whether they arose from the plasma membrane only, or from the subjacent thin cytoplasmic layer as well. In general, grains were more frequent over the equatorial segment and Fig. 3 (Fig. 2a and c) . Autoradiographic grains were occasionally seen lying over the apical region of the acrosome (not shown). In about 10% of the labelled cells examined (10/88), numerous silver grains were clearly localized over the sperm nucleus (Fig. 2c) ; no label was seen over the sperm tails (Fig. 2a) Fig. 3d ). An additional experiment was performed, on ejaculated mouse spermatozoa, to test the hypothesis further. As expected, a suspension of ejaculated mouse spermatozoa, collected from the uterus of a recently mated female and diluted 1:20 with culture medium, did not take up any label (Fig. 4b) . In contrast, if some of the cells from the same ejaculate were repeatedly washed before exposure to 3[H]DNA, they were easily labelled (67% labelled cells, Fig. 4c ). Labelling percentages of epididymal mouse spermatozoa (Fig. 4a) Fig. 3e ).
Kinetics of spermatozoa-32P|DNA| association
The kinetics of 32P[DNA] association with thoroughly washed ejaculated spermatozoa was similar in the three species examined (Fig. 5) . Maximal uptake was observed at 20 min in human spermatozoa ( Fig. 5b) and at 40 min in bull and boar spermatozoa ( Fig. 5a and c) . Longer incu¬ bations caused loss of some labelled DNA from human and porcine spermatozoa. The kinetics of 32P[DNA] association with mouse spermatozoa has been reported .
The effect of a potential competitive inhibitor was assessed by measuring the association of DNA with spermatozoa that had been incubated for 30 min with various heparin concen¬ trations. Preincubation with 10µg heparin ml"1 totally prevented 32P[DNA] association with ejaculated bull and human spermatozoa ( Fig. 6a and b) and with epididymal mouse spermatozoa (Fig. 6c) . 
Discussion
We performed a comparative analysis of the ability of spermatozoa from four mammalian species to bind foreign DNA. In all of them, only a limited region of the spermatozoon, the caudal half of the head (equatorial segment and postacrosomal region), appeared to have a special affinity for the ligand, as judged by autoradiographic analysis (Fig. 1) . The same localization (the postacrosomal region) was observed by Brackett et al. (1971) in 30-35% of rabbit spermatozoa that had been exposed to tritiated viral DNA. Restricted areas showing DNA-binding ability have also been identified on bovine and porcine sperm heads (Atkinson et al, 1991; Horan et al, 1991) . The presence of sharply delineated regional domains, with different composition and functions is a well-known and typical feature of the spermatozoon (Holt, 1984) . Such topographic heterogeneity includes marked differences between the various sperm anatomic regions in ability to bind a variety of exogenous molecules (Eddy, 1988 microscope autoradiography (Fig. 2) (Gundersen et al, 1986 (Fig. 3c and d) . Ejaculated mouse spermatozoa (collected from the uterus of a recently mated female) also required extensive washing before they could be labelled with 3H [DNA] (Fig. 4b and c) A second seminal plasma factor that might be involved in the same surveillance function are glycosaminoglycans. These highly sulfated polymers are present in seminal plasma (1-6 mg ml"1 in cattle, Lee et al, 1985 ; 22-44 pg ml"1 in humans, Biirgi et al, 1990) and it has been shown that heparin can bind to human, bovine, monkey and rabbit spermatozoa in vitro (Delgado et al, 1982; Handrow et al, 1984; Hurst et al, 1988) . Glycosaminoglycans in seminai plasma might interfere with the binding of foreign DNA to spermatozoa possibly by competing for the same binding sites. In our experimental conditions, the binding of DNA by ejaculated as well as epididymal spermatozoa was totally prevented by 10 pg heparin ml"1 (Fig. 6) .
We have shown that spermatozoa from four mammalian species can bind recombinant DNA over a specific region of the sperm head and that, at least in mice, such DNA can penetrate the sperm nucleus. Our results also suggest that factor(s) in seminal plasma might prevent potentially dangerous molecules such as foreign DNA (which may be present in the genital tracts from bacterial or viral sources) from gaining access to spermatozoa.
